Objective: To assess the feasibility and accuracy of predicting electrode insertion depth necessary in cochlear implantations for electric-acoustic stimulation by means of preoperative high-resolution computed tomography (HRCT).
O
VER THE LAST 5 YEARS, A n e w i m p l a n t a t i o n method, the combined electric-acoustic stimulation (EAS) of the inner ear, has been successfully implemented in several clinical studies. [1] [2] [3] [4] This method provides bimodal stimulation with a cochlear implant and a conventional hearing aid in the same ear. Candidates for EAS have relatively good residual hearing in the low frequencies (corresponding to apical parts of the cochlea) but substantial hearing loss in the highfrequency range, which makes adequate speech recognition impossible, even with high-power hearing aids. To ensure bimodal stimulation, at least some residual hearing must be preserved, and apical cochlear damage should be minimized. To this end, a properly performed EAS procedure stimulates the basal cochlear regions electrically while leaving the more apical portions free of an electrode carrier. 1 These apical areas are responsible for low-frequency hearing and contain stillworking structures, which can be stimulated with or without a conventional hearing aid, depending on the extent of residual function.
The aim of EAS surgery therefore is to insert the cochlear implant array one full turn so that it enters the 1000-Hz region, 5 which defines the end of electric and the beginning of acoustic stimulation. Anatomically, a 360°insertion into the scala tympani corresponds to an insertion depth of about 20 mm measured from the round window membrane. 5 However, considerable morphologic variations have been described. 6, 7 Accordingly, when placing implants during our clinical EAS trial, we found significant variations of insertion degrees at constant surgical depths (millimeters). In 1 patient, for instance, a 20-mm insertion corresponded to only 180°(unpublished data, 2004).
In temporal bone studies, deep electrode insertions of more than 360°signifi-cantly increased the risk of cochlear trauma. [8] [9] [10] [11] [12] [13] Shallower insertions, on the other hand, are believed to result in poor implant hearing performance. 14, 15 For EAS therefore, an atraumatic 360°insertion is essential to both preserve hearing and achieve full function of the cochlear implant. The aim of this study was to evaluate a reliable preoperative radiologic method to measure the basal cochlear size and determine the optimum insertion depth for EAS cochlear implantations.
METHODS
Eight fresh human temporal bones were harvested up to 24 hours post mortem. To evaluate the accuracy of the described technique, preimplantation high-resolution computed tomography (HRCT) reconstructions were compared with postimplantation conventional radiographic analyses. Additionally, electrode locations were histologically determined. Detailed data on all processed temporal bones are listed in the Table. COMPUTED TOMOGRAPHY
To predict the basal size of the cochlea, we used HRCT imaging and reconstruction. Each bone underwent scanning with a multislice computed tomography scanner (Somatom Volume Zoom; Siemens, Erlangen, Germany). A spiral scan with a 4ϫ0.5-mm collimation was performed in each specimen. Data were reconstructed with a slice thickness of 0.5 mm and an increment of 0.2 mm using a bony reconstruction algorithm. All images were displayed in a bony window. The outline of the outer cochlear wall was marked using 3-dimensional reconstruction software until the functional 360°region, as defined by Marsh et al, 16 was reached. The measurement itself was done blindly by 2 experienced and independent radiologists.
Reference points were 3-dimensionally defined using the rendering software. First, serial layers 90°to the cochlear axis every 0.5 mm were defined. Then, each layer was screened to determine the greatest extent of the designated cochlear portion. Reference points were set within their specific layers. The 3-dimensional data set was required to correctly determine the exact outlines of the desired cochlear section because 2-dimensional data from only 1 layer would not adequately represent the complex cochlear anatomy.
Reference points were set slightly toward the modiolus to approximate the future electrode position along the outer scala tympani wall (Figure 1) . Intervals of about 0.5 mm were used because the electrode diameter varies from 0.5 mm at the tip to 0.8 mm at the basal end. Great variations have been reported in the area of the round window itself. [17] [18] [19] It was extremely important to define a starting point to be used equally in all bones. Since no radiologically defined landmarks regarding the site of the cochleostomy existed before implantation, the middle of the round window membrane was chosen for starting each measurement (first reference point). Over the desired cochlear length, about 25 to 30 reference points were required for each specimen.
Linear reconstruction of the defined cochlear sequence followed. The software provided an automated measuring algorithm between the first (round window membrane) and the last (360°region) reference points. Figure 1 illustrates the point placement procedure. Figure 2 shows a basal cochlear linear reconstruction. Abbreviations: HRCT, high-resolution computed tomographic; Max, maximum; Min, minimum; NA, not applicable; Radio, radiographic. *C40ϩ standard arrays (MED-EL, Innsbruck, Austria) were used for all implantations. †Temporal bones 1 and 2 were harvested from a single cadaver, as were bones 3 and 4 and bones 6 and 7; nonetheless, note the intra-individual variations in size. 
SURGICAL TECHNIQUE AND ELECTRODE ARRAY
After preimplantation HRCT, all bones underwent cochlear implant electrode insertion via a standard mastoidectomyposterior tympanotomy approach. The cochleostomy was drilled anterior and inferior to the round window membrane to reduce the risk of primary electrode misplacements.
For
length of 31.5 mm. The distance from the very tip of the array to the middle of the first electrode contact is 1.2 mm. Each contact and all the wires are made of a platinum-iridium alloy (50:50). Contacts are 800 µm long and lie in 12 pairs on both sides of the electrode body, which is made of medical-grade silicone. Contacts are placed 2.4 mm apart (measured from the middle of each contact). Several experiments on the insertion trauma of this array have been performed. 9, 10 All studies showed a very atraumatic electrode that normally lies against the outer wall of the cochlea when properly handled.
HISTOLOGIC PREPARATION
Temporal bone histologic analysis was used to assess the intracochlear position of the array to ensure that no dislocations into the scala vestibuli occurred. Such dislocations would make exact comparisons between preoperative and postimplantation data impossible owing to the anatomically smaller scala vestibuli.
All bones that underwent cochlear implantation were fixed with an ascending series of alcohol (70%-100% ethanol), followed by embedding in polymethylmethacrylate. This embedding procedure allows sectioning of undecalcified bone with the electrode in situ. A special grinding-polishing technique was used to enhance the quality of histologic slides. A detailed description of the procedure is found in Plenk.
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CONVENTIONAL RADIOGRAPHY
All histologic blocks were evaluated using conventional radiograms, which served as postimplantation controls. Using the described radiologic evaluation technique 16 for the determination of cochlear implant insertion depth, we determined the intracochlear length of each implantation to the 360°area. The electrode contacts served as landmarks. Since all arrays feature the same contact spacing and distribution dimensions, accurate evaluations of insertion depths were possible. An imaginary line was drawn from the center of the cochlea to the point of the round window membrane, according to the procedure described by Xu et al. 21 Then the point where this line crossed the electrode in the middle cochlear turn was defined as the 360°point. The distance from the round window to the 360°point was measured using the electrode dimensions provided by the manufacturer. This measurement served as the radiologic control. A technical drawing is shown in Figure 3 . An illustration of the measuring procedure is shown in 
HISTOLOGIC EVALUATION
Intracochlear electrode position and resulting trauma were evaluated histologically with a well-established grading scheme. 22 Only electrodes lying on the outer cochlear wall in the scala tympani were included in this study.
RESULTS
Bones were harvested from 5 human cadavers whose mean age at death was 35.4 years (range, 23-59 years). Four right and 4 left cochleas were used for implantation.
Preimplantation HRCT reconstruction was easily performed in every bone. Linear reconstruction revealed ana- tomic details of the cochlea and adjacent structures such as the cochlear aqueduct and the vestibulum. Using the described linear reconstruction method, we determined the average basal cochlear length to be 20.3 mm (range, 18.8-22.0 mm).
Postimplantation radiography of each specimen clearly allowed evaluation of the cochlear orientation within the embedded bone. Also, radiologic insertion depths and lengths of the implanted arrays from the cochleostomy to the 360°region were calculated using the technical drawings provided by MED-EL. For the 8 specimens, values for the implanted length to the 360°point ranged from 19.2 to 21.9 mm, with an average of 20.3 mm.
Histologic evaluation of all 8 bones demonstrated scala tympani insertions in every specimen ( Figure 5) . Histologically evaluated insertion depths ranged from 360°to 630°(mean±SD, 477.5°±99.5°). Insertion depths evaluated via conventional radiography ranged from 360°to 600°( mean ± SD, 478.1°± 116.9°). No anatomic abnormalities or cochlear ossifications were observed during implantation. All arrays were inserted as far as possible. Although insertion maneuvers were performed beyond the point of first resistance, smooth and nonforceful procedures were achieved in all bones. A mean±SD insertion depth of 27.0±4.9 mm (range, 20.0-31.5 mm) was reached.
Comparing the results of the preimplantation and postimplantation measurements, a mean ± SD failure of 0.3±0.28 mm in predicting the correct length of the basal turn of the cochlea was observed. The maximum failure was 0.7 mm.
COMMENT
Preoperative HRCT scans of the temporal bone are routinely used prior to every cochlear implantation 16, 21 to identify possible anomalies of the temporal bone and inner ear structures and adapt the surgical procedure accordingly. In conventional implantation, the aim of the surgeon is to place the electrode array as deeply as possible into the scala tympani of the cochlea to stimulate apically located neural structures. 14, 15 For EAS implantations, however, limited insertions of exactly 1 full cochlear turn (360°) are anticipated to provide safe and efficient insertions.
For regular cochlear implantations, HRCT data only serve to identify the bony structures of the mastoid, the fallopian canal, the bony labyrinth capsule, and adjacent middle ear structures. In the present report, the accuracy of an additional clinical application of preimplantation HRCT data is evaluated-the prediction of basal cochlear dimensions necessary for EAS surgery. Using the described technique, our data show that preoperative predictions were reliable, showing a mean failure of only 0.3 mm and a strong positive correlation (r = 0.93).
Although dealing with only 8 human temporal bones, our data demonstrate the great anatomic variations of the cochlea, which has also been reported elsewhere. 6, 7 The length of the basal cochlear portions to the 360°region ranged from 18.8 to 22.0 mm, showing a variation of 3.2 mm. Based on an average length of 20.3 mm in the present study, this variation represents only 16%. A shallow insertion, however, might lead to poor performance of a cochlear implant alone whereas insertions beyond the 360°point could contribute to increased cochlear trauma as shown in numerous temporal bone experiments. [9] [10] [11] [12] [13] In contrast to our method, intraoperative fluoroscopy offers an alternative approach that allows for intraoperative observation of electrode insertion. 23 The dynamic character of this method offers the possibility to adapt surgical maneuvers in real time to perform accurate 360°insertions. However, additional radiation is applied to the patient-and the surgeon-with the fluoroscopy technique, and the device must be available in the otology theater. Our method of using preimplantation HRCT data also provides exact, pinpoint implantations and is easy to use. Furthermore, it eliminates exposure to added radiation and requires no extra device in the operating room.
To our knowledge, this is the first report dealing with the prediction of cochlear dimensions prior to cochlear implantation. Our data showed excellent correlation between preoperative HRCT-assisted measurements and postimplantation radiography. Therefore, we think that this method should be used in every EAS implantation procedure. With the growing clinical implementation of 
